The mechanism of conductivity enhancement in PEDOT/PSS film doped with sorbitol is investigated by X-ray diffraction (XRD), Fourier transform Raman spectroscopy (FT-RM), Atomic force microscopy (AFM), Scanning electron microscopy (SEM). The XRD show that the amorphous state of sorbitol-doped films is not changed and the FT-RM indicate that the main characteristic absorption peak of PEDOT shifts to red. These observations indicate that the increase in conductivity is not attributed to the crystallization behavior of PEDOT, but to the change of the resonant structure of PEDOT chain from a 'benzoid' to a 'quinoid' structure, which increase the rigidity of PEDOT chain. In addition, there is a conformational conversion of the PEDOT chains from the coil structure to expanded-coil or linear structure. These chains changes are helpful to charge transport through the PEDOT chains and conductivity enhancement of composite films. The increased inter-molecule interactions were investigated by the morphological changes of films as observed in AFM and SEM images, which further confirmed the change of the resonant structure of PEDOT chain.
Introduction
In the recent years, films fabricated from commercially available poly(3,4-ethylenedioxythiophene)/poly (4-styrenesulfonate) (PEDOT/PSS) aqueous dispersions have strongly attracted attention mainly due to their exceptional advantages of high transparency in the visible range, excellent thermal stability, and aqueous solution processibility [1, 2] . PEDOT/PSS films have been used as a hole transporter layer in organic light-emitting diodes (OLED) [3] [4] [5] , or a buffer layer between the ITO and active layers in organic solar cells (OSC) [6] [7] [8] . However, the films also suffer the low-conductivity problem that is about 0.05～0.8S/cm [9, 10] , which can directly affect the performance of the device [11, 12] .
Several attempts have been done to increase the conductivity of PEDOT/PSS films by mixing organic solvents [10] or the addition of a small amount of fillers [13] . Kim et al. [10] reported the enhancement of the PEDOT/PSS conductivity by adding dimethyl sulfoxide (DMSO), dimethylformamide (DMF), or tetrahydrofuran (THF) mainly due to the screening effect of the (polar) solvent. Studies on PEDOT/PSS blended with polyethylene oxide have shown that ionic conductivity can be increased, which is not only due to the intrinsic ionic conductivity of polyethylene oxide, but also due to swelling of the polyethylene oxide in liquid electrolyte solution, creating space for ion movement [13] .
Sorbitol is also a good conductive dopant for PEDOT/PSS, which can enhance the conductivity of PEDOT/PSS thin films by three orders of magnitude [12] . However, the reasons for the enhanced conductivity are still under debate [9, 14, 15] . Jonsson et al. [9] suggested that the conductivity is enhanced because the insulating PSS chains are washed away from the surface region of the PEDOT/PSS film during film formation, leaving a high-conductivity thin layer with a high amount of PEDOT chains on the surface. Inganas et a.l [14] argued that the reason is believed to be related to the interaction between sorbitol and PEDOT/PSS. Timpanaro et al. [15] reported that the sorbitol might act as a plasticizer to help further reorganize and stabilize the PEDOT and PSS chains at high temperature.
In this work, the poly(3,4-ethylenedioxythiophene)/poly(4-styrene sulfonate) (PEDOT/PSS) thin films doped with a different of sorbitol concentration have been fabricated on quartz substrates by blending-spin coating method, and the mechanism of conductivity enhancement in the composite film have been studied by X-ray diffraction (XRD), Fourier transform Raman spectroscopy (FT-RM), atomic force microscopy (AFM) and scanning electron microscope (SEM). 
Results and discussion

Conductivity of the composite films
X-ray diffractometer (XRD)
Previous studies [16, 17] have reported that the crystallization behavior of some polymers has a major influence on the conductivity of materials. There are not any sharp peaks in the pristine PEDOT/PSS profile (Fig 2-a) , which indicaes substantial amorphous nature of the PEDOT/PSS film. Similar results were also obtained by other research groups [18, 19] . The XRD patterns of the S(4wt%,8wt%,10wt%)-PEDOT/PSS composite film are consistent with those of pure PEDOT/PSS film, without any new peaks (Fig 3-b,c,d ). This suggests that the crystallization behavior of the composite films is unchangeable. 
Fourier Transform Raman Spectroscopy(FT-RM)
As shown in Fig 3-a , the main Raman peak of the pure PEDOT/PSS film lies at 1421 cm -1 , which is associated with the vibration modes: C α =C β asymmetric vibrations [20, 21] . However, the peak at 1421 cm -1 in the Raman spectrum of the S(4wt%,8wt%,10wt%)-PEDOT/PSS film shift red from 1421 cm -1 to 1415cm
,respectively (Fig 3-b,c,d ). The similar change was achieved by adding ethylene glycol into the PEDOT/PSS aqueous solution [22] . These red shifts suggest that the resonant structure of PEDOT chain change from a 'benzoid' to a 'quinoid' structure [23] . Taking into account the rigidity of the 'quinoid' structure is higher than that of 'benzoid' structure [24] , and the benzoid structure may be the favourite structure for a coil conformation, while the quinoid structure may be the favourite structure for a linear or expanded-coil structure [23] , as shown in Fig. 4 , so the charge mobility increases through the PEDOT chains and the conductivity of composite films is enhanced.
Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM)
Moreover, as the result of the change of the resonant structure of PEDOT chain, the inter-molecule interaction may be changed, which will influence on the morphology of films [25, 26] . The surface morphology and the cross-sectional morphology of films were investigated by AFM and SEM. Fig. 5 shows the surface morphological changes as observed in topographic AFM images. 
Conclusions
In summary, the mechanism of conductivity enhancement in PEDOT/PSS film doped with sorbitol has been studied. The increase in conductivity is not attributed to the crystallization behavior of PEDOT, but to the resonant structure of PEDOT chain change from a 'benzoid' to a 'quinoid' structure, which increase the rigidity of PEDOT chain. In addition, there is a conformational conversion of the PEDOT chains from the coil structure to expanded-coil or linear structure. These chain changes are helpful to charge transport through the PEDOT chains and conductivity enhancement of composite films. The resonant structure change of PEDOT chain is further confirmed by the morphological changes of films as observed in AFM and SEM images.
Experimental part
Materials
Sorbitol and PEDOT/PSS aqueous solution (2.8 wt% dispersed in H 2 O) were from Aldrich. Other reagents and solvents were of analytical grade.
The chemical structure of PEDOT/PSS is shown in Fig. 7 . In the PEDOT/PSS dispersion, PEDOT is the charge transporting species [11, 12] . PSS acts as a charge-compensating counter-ion to stabilize the p-doped conducting polymer, and forms a processable water-borne dispersion of negatively charged swollen colloidal particles consisting of PEDOT and excess PSS [27, 28] . 
Preparation of films
All the quartz substrates (20 mm×20 mm) were ultrasonically cleaned with a series of organic solvents (ethanol, methanol and acetone), then rinsed in ultrasonic bath with deionized water, dried in a vacuum oven. And residual organic contaminations were subsequently removed by exposing to a UV-ozone lamp for 30 min. Prior to spincoating, the precursor solution of PEDOT/PSS with appropriate mass of sorbitol were prepared. Some amount of sorbitol were added to the PEDOT/PSS aqueous dispersion in ultrasonic bath, which kept at least 30 min at room temperature. The 
Instruments and measurement
The molecular structure analysis of all the samples were carried out with Fourier transform Raman spectroscopy (FT-RM), and the FT-RM spectra were recorded with a RFS 100 Bruker spectrometer (excitation wavelength 1064 nm). Samples structure was analyzed with D8 Advance Bruker AXS X-ray diffractometer (XRD), with Cu K α1 radiation. The morphology of films was investigated by atomic force microscopy (AFM) and scanning electron microscope (SEM), the former was performed with Digital Instruments Nanoscope III operating in tapping mode. The conductivity of the films was measured by the four-point probe technique with a Keithley 2400 Source Meter. All the measurements were performed at room temperature.
